Abstract Hemodynamic forces play a role in the development of atherosclerosis. Their variations with age have been assessed in cross-sectional, but not longitudinal, studies. The aim of the present study was to investigate in both sexes the age-dependent change in wall shear stress and arterial stiffness in subjects studied twice 12 years apart. Forty-eight subjects (15 women and 33 men) were studied twice 12 years apart. Subjects underwent blood viscosity measurement and echo-Doppler of carotid arteries, from which the intima-media thickness (IMT) was measured and the wall shear stress and Peterson's elastic modulus were calculated. Blood viscosity increased in both sexes, more markedly in women (+13.2%) than men (+7.2%). Common carotid diameter increased in both sexes, but in men (+7.4%) more than in women (+5.5%). Peak and mean velocity decreased at follow-up by 10.7% and 18.9% in women and by 14.2% and 18.1% in men. Peak and mean shear stress significantly decreased in men by 13.0% and 17.5%, respectively, while in women only the mean shear stress was reduced (−11.8%). The IMT of the common carotid artery increased by 29% in women and 20% in men. Arterial stiffness significantly increased (+74.5% in women and +28.0% in men). The percent change in mean shear stress was significantly and inversely associated with the percent change in IMT. The data of this study show that, in a middle-aged population observed for almost 12 years, the mean shear stress decreases significantly in both sexes, while peak shear stress decreases significantly only in men. The change in mean shear stress is inversely associated with changes in IMT. Arterial stiffness, on the other hand, increases with aging.
The hemodynamic conditions operating within the vessel and the characteristics of the arterial wall contribute to the pathogenesis of atherosclerosis, interacting with systemic cardiovascular risk factors (Zarins et al. 1983; Asakura and Karino 1990) . Wall shear stress and arterial stiffness influencing the vascular tone and anti-atherogenic properties of the vessels are extensively investigated. Wall shear stress is the frictional force that flowing blood exerts tangentially to the endothelial surface. It is kept constant, at least in the short term, thus contributing to the regulation of arterial tone and blood flow in order to meet the metabolic needs of the tissues (Rubanyi et al. 1990; Hudlicka and Brown 2009). of the arterial wall and a strong predictor of cardiovascular events and all-cause mortality (Vlachopoulos et al. 2010) . We have previously reported that in healthy individuals, wall shear stress decreases with age (Gnasso et al. 1996) , and this finding has been confirmed by others (Schmidt-Trucksäss et al. 1999; Reneman et al. 1986; Samijo et al. 1998) .
All reported relations between hemodynamic forces and age or asymptomatic atherosclerosis are based on cross-sectional studies, except for a recent brief prospective study that confirmed observational findings (Box et al. 2007 ). The aim of the present longitudinal study was to investigate in both sexes the age-dependent change in wall shear stress and arterial stiffness in a group of subjects studied twice 12 years apart.
Subjects and methods

Subjects and study design
Subjects are part of a longitudinal observational study started in 1994 (Gnasso et al. 1997 ). This cardiovascular disease prevention program was addressed to free-living participants. Starting from 1996, the evaluation of hemodynamic forces within the common carotid arteries was performed in selected subjects. The following exclusion criteria were used at that time: arrhythmia at EKG; flow disturbing stenoses of the carotid arteries; women not in menopause; use of diuretic and anticoagulant drugs; severe anemia (hemoglobin <10 g/dL); polycythemia (RBC>6×10 6 cells per microliter); clinically significant renal, hepatic, or pulmonary disease; severe hyperglycemia (fasting plasma glucose >250 mg/dL); and heart failure. At the end of the prevention program, the subjects were informed about their cardiovascular risk factors and eventually referred to their GP for specific therapies. In 2008, the subjects (n=147) were recalled by phone and mail: 8 subjects had died, 70 were unavailable or had moved far, and 19 refused to participate. Fifty subjects accepted to participate: after clinical examination, one subject was excluded because of severe anemia and one because of a malignancy; 48 (15 women and 33 men) underwent the hemodynamic examination and were included in the study. The study design was approved by the local Ethics Committee.
Clinical and biochemical parameters
All subjects included in the study underwent, at baseline and at the end of the study, a complete clinical examination and blood withdrawal. Standing height without shoes was measured to the nearest 0.5 cm. Weight was measured to the nearest 0.1 kg in ordinary street clothes. Body mass index (BMI) was computed as weight (in kilograms) divided by height (in meters) squared. Systolic (SBP) and diastolic (DBP) blood pressure was measured, on the right arm, after the participant had been resting for at least 5 min, with a standardized sphygmomanometer. The average of the second and third of three readings was computed.
Venous blood for routine and viscosity analyses was collected after overnight fasting. Attention was paid to avoid venous stasis, and the hemostatic loop, when used, was immediately removed after cannulation of the vein. Blood glucose and lipids were measured by routine methods. Diabetes was defined as fasting blood glucose ≥126 mg/dL and/ or use of antidiabetic agents. Hyperlipidemia was defined as total cholesterol and/or triglycerides exceeding 200 mg/dL and/or use of lipid-lowering drugs. Hypertension was defined as SBP/DBP ≥140/90 mmHg and/or use of antihypertensive agents.
Ultrasound study
Echo-Doppler examination for arterial diameter, blood flow velocity, and intima-media thickness (IMT) measurements was performed in a quiet room at 22°C, as in the former examination, with an EKGtriggered high-resolution instrument that was equipped with a multi-frequency linear probe. The instrument used at baseline was an ATL UltraMark 9 HDI (Philips) equipped with a linear phased array multi-frequency probe 5-10 MHz. In the follow-up study, we used an ATL HDI 3000 (Philips) equipped with a similar linear phased array multi-frequency probe 5-10 MHz. For arterial diameter and blood flow velocity measurement, the examination was performed as previously described (Gnasso et al. 1996) . The external carotid tree was divided according to ARIC into four different segments: common carotid artery (CCA), carotid bulb, external carotid artery, and internal carotid artery. Echo-Doppler parameters were acquired in the CCA, 1 cm proximal to the line dividing the common carotid and the carotid bulb. The exact distance from the carotid bulb was recorded. Internal diameter (ID) was defined as the distance between the leading edge of the echo produced by the intima-lumen interface of the near wall and the leading edge of the echo produced by the lumen-intima interface of the far wall. ID was measured at the R (ID R ) and T (ID T ) waves of the EKG, representing the minimum and maximum carotid diameters, respectively (Gnasso et al. 1996) . Blood flow velocity was detected with the sample volume reduced to the smallest possible size (1 mm) and placed in the center of the vessel. The angle between the ultrasound beam and the longitudinal vessel axis (θ) was kept between 44°and 56°, and was recorded. The maximum Doppler frequency shift, i.e., systolic peak velocity (V SP ), and the mean velocity (V M ) were automatically recorded with auto-tracking as the mean of three cardiac cycles. We used peak velocity to calculate peak wall shear stress and time-averaged peak (TAP) to calculate the mean wall shear stress. It has been suggested that the mean velocity of flow can be better estimated by TAP over an integral number of cardiac cycles. In our study, we evaluated TAP during three cardiac cycles.
The IMT of the common carotid artery was measured off-line, as previously described (Gnasso et al. 1996) . Images were selected from video recordings, displayed on a computer screen and analyzed by software that allows quantitative evaluation of the IMT. For each participant, three measurements pertaining to the anterior, lateral, and posterior projections of the far wall were performed on each side. The average of six measurements was used to calculate the IMT.
Calculations
Peak τ (τ P ) and mean (τ M ) wall shear stress were calculated according to the following formulas:
where V is expressed in centimeters per second, ID in centimeters, and η in poise.
Blood flow (BF) was computed as the product of the mean cross-sectional velocity, assumed to be V M /2, and area, according to the following formula:
Peterson's elastic modulus was used as the index of arterial stiffness, according to the following formula:
The brachial blood pressure was used as an index of central arterial pressure (Manisty et al. 2009) .
All examinations at follow-up were performed in the same way by the same operator, who was blinded with regard to the results of the first examination, throughout all the studies. However, for each patient, we maintained the same machine setting-that is, gain, focal depth, transducer aperture size, beam steering, depth and size of sample volume, beamvessel angle, and the exact distance from the carotid bulb where the diameters were taken-in order to reproduce the same technical errors and obtain data that should be comparable. Because the right and left common carotid arteries were analyzed separately, all hemodynamic data refer to 96 observations.
Viscosity
Blood and plasma viscosity were measured within 2 h from blood withdrawal; the blood specimen was added with heparin (35 IU/mL). Viscosity measurement was performed at 37°C with a cone-plate viscometer (Wells-Brookfield DV-III, USA) equipped with a cp-40 spindle, which was the same at both examinations and is suitable for blood viscosity measurement. The viscometer, regularly checked up during these years, was overhauled before the followup study, and some spare parts were used in order to ensure the perfect functioning of the instrument. Standard fluid with a known viscosity (Standard Fluid 5 CPS, Wells-Brookfield) was used for checking the instrument in both the examinations. Blood viscosity was recorded at shear rates ranging 450-22.5 s −1 . Blood changes its rheological features upon flow conditions (Chien et al. 1987) . Under high flow velocity, simulated in vitro by shear rates higher than 90 s −1 , the blood behaves like a Newtonian fluid and shows near-constant viscosity: in these conditions, blood viscosity is strictly dependent on hematocrit.
Below that threshold, erythrocyte aggregation and rigidity cause a progressive increase in viscosity. Since measurement at a shear rate of 450 s −1 was not feasible in all subjects, we have used blood viscosity at a shear rate of 225 s −1 (η 225 ), indicative of high flow velocity typical of large arteries as the common carotid. The coefficient of variation for blood viscosity was below 3%. Hematocrit was measured in a microtube without correction for plasma trapping using the same instrument and in the same way in both examinations. The coefficient of variation for micro-hematocrit was ∼1%.
Pre-study analysis
Before starting the follow-up, we collected data in a standard subject group recruited in 2008 and consisting of 15 healthy subjects carefully matched for age, gender, body mass index, and blood pressure with 15 healthy subjects studied between 1996 and 1998 within the former examination. The results are reported in Table 1 . All measured (diameter, velocity, and viscosity) and calculated (shear stress) variables were similar and no statistically significant difference was detected. These results led us to pursue the study in the belief that the measurement of hemodynamic forces in the carotid district, even at this distance of time, would be reliable.
Statistical analysis
All statistical analyses were performed with SPSS 13.0. Triglycerides, not normally distributed, were log-transformed. Student's t tests for paired and unpaired data were used to compare continuous variables as appropriate. Pearson's correlation coefficient was computed to evaluate the association between age and diameter, velocity and shear stress. The multiple linear regression analysis was used to assess the association between the percentage change in IMT and the percentage change of the hemodynamic forces and traditional cardiovascular risk factors.
Results
Clinical data
Clinical and biochemical characteristics of subjects at baseline and follow-up visit, divided according to gender, are reported in Table 2 . Women were older than men, though not significantly. They had significantly higher SBP, but comparable levels of blood lipids and glucose. The mean number of cardiovascular risk factors was higher in women both at baseline (1.47± 1.18 vs. 0.76± 0.83, women and men, respectively) and follow-up (2.07±1.03 vs. 1.20±1.13). SBP and BMI were significantly increased in both gender at follow-up visit compared with baseline. The right and left common carotid arteries were analyzed separately. Therefore, the results presented in the following sections refer to a number of observations double the number of patients. However, when the two sides were analyzed separately, the results were completely consistent with those presented.
Common carotid diameter, flow velocity, and volume Common carotid artery diameter was similar in men and women at each observation time and significantly increased in the follow-up throughout the cardiac cycle, by 5.5% and 3.3% in women and by 7.4% and 6.3% in men, at R and T waves, respectively. Systolic peak velocity and mean velocity were significantly lower in women at baseline compared with men; however, in both sexes, velocities significantly decreased during the observation period: by 10.7% and 18.9% in women and by 14.2% and 18.1% in men, respectively. Common carotid blood flow was higher in men than in women at both observations. At follow-up visit, it decreased by 12.7% (p<0.002) in women, while in men the reduction was less marked (−6.8%, p=0.07; Table 3 ).
Blood viscosity
Women had lower hematocrit than men at both visits, while blood viscosity was significantly lower only at baseline. In both sexes, hematocrit remained stable during the observation period, whereas blood viscosity significantly increased, more markedly in women (+13.2%) than in men (+7.2%; Table 3 ).
Wall shear stress Men had a higher baseline level of both peak and mean wall shear stress compared with women. At follow-up visit, in the male group, peak and mean shear stress significantly decreased by 13.0% and 17.5%. In the female group, peak shear stress did not change at follow-up visit, while mean shear stress significantly decreased by 11.8% (Table 3) .
Arterial stiffness
Arterial stiffness, similar in men and women at baseline, significantly increased at follow-up. The increase was very marked in women (+74.5%) and less in men (+28.0%) so that at follow-up Peterson's elastic modulus was significantly different between sexes (Table 3) .
Intima-media thickness
The IMT was similar in both sexes at baseline and was strongly and directly associated with age (r=0.334), total cholesterol (r=0.250), and glucose (r=0.296) and inversely with peak (r=−0.357) and mean (r= −0.340) shear stress (all p≤0.01). At follow-up, IMT significantly increased by 29% in women and 20% in men (Table 3) . A stepwise linear regression analysis, including the percentage change of all clinical and biochemical measured variables and shear stress (blood pressure, BMI, blood lipids, glucose, years of follow-up, sex, and either peak or mean shear stress) as independent variables, showed that only the percentage change in mean shear stress was a significant predictor of the percentage change in IMT (R=0.251, F=4.369, p=0.041).
Comparison of variables between subjects studied in 2008 and matched controls studied in 1996
Some of the measurements made in this study could be influenced by the type of equipment used and/or the skill of the operator, clearly different after 12 years. For this reason, the data of the subjects examined in 2008 were compared with those of controls precisely matched for age, sex, presence or absence of hypertension, diabetes mellitus, obesity, and dyslipidemia, evaluated in 1996. For 36 of the 48 subjects examined in 2008, it was possible to find a suitable control in 1996, while this was not possible for the remaining 12 subjects. The results are presented in Table 4 . All measured and calculated variables were similar in both groups, with the exception of diastolic blood pressure which was slightly but significantly higher in controls examined in 1996. In addition, we evaluated the correlation between age and vessel diameter, flow velocity and shear stress across the entire population studied between 1996 and 1998 (n=147). Based on these results, we estimated the variation of each of these parameters in the 48 subjects re-evaluated in 2008, and we have shown them in Table 5 along with the change actually measured.
Discussion
The present study, based on our knowledge, is the first longitudinal study that has evaluated after 12 years the age-dependent modifications in wall shear stress of the common carotid arteries. Our data prospectively demonstrate that aging, in a middleaged free-living population, induces modifications in wall shear stress that can promote the development of atherosclerosis.
In detail, we found that peak wall shear stress decreases in men, whereas the mean wall shear stress decreases in both men and women. These modifications are caused by an increase in arterial diameter and a reduction in blood velocity. In contrast, blood viscosity increases, thus attenuating the reduction in shear stress. Furthermore, common carotid blood flow was slightly reduced with aging in our population. The modification in mean wall shear stress is associated with the change in the intima-media thickness of the common carotid artery.
Before discussing the results of the study, it is to be noted that extreme care was taken on the reproducibility of the data. Before starting the recall of patients, the reproducibility of the measurements was tested in a small group of healthy subjects, matched for age and sex to a group of subjects examined 12 years earlier. The data are reported in Table 1 and show no differences between the two measurements. At the end of the study, to further demonstrate the reproducibility of the measurements, the participating subjects were compared with subjects matched for age, sex, and cardiovascular risk factors, studied 12 years earlier. This was only possible for a group of 36 subjects as for 12 a suitable match was not found. Again, no significant differences were highlighted, with the exception of slightly higher levels of diastolic blood pressure in the group of subjects studied in 1996 (Table 4) . Finally, in the entire population studied between 1996 and 1998 (n=147), the correlation coefficient between age, arterial diameter, flow velocity, and shear stress was calculated, and according to the regression line, the variation of these parameters in the 48 subjects studied in 2008 was estimated. The data are presented in Table 5 along with the changes actually measured. The changes measured were very close to those expected and, for the values of mean shear stress, even the same.
In men, the peak wall shear stress decreases as a consequence of diameter enlargement (+6.3%) and a fall in peak blood flow velocity (−14.2%), not balanced by the small increase in blood viscosity (+7.2%). In women, the enlargement of the internal diameter and the fall in blood velocity are less marked (+3.3% and −10.7%, respectively), causing no modification in peak wall shear stress. Women have stiffer arteries at followup, and it is known that menopause per se may increase arterial stiffness (Staessen et al. 2001) . Increased arterial stiffness is associated with an increase in the propagation speed of waves, with augmentation of the interaction of the incident and reflected waves (O'Rourke and Hashimoto 2007; Nichols 2005; Sergers 2008) . This might at least in part explain the less marked decrease in peak blood flow velocity in women. The marked increase in blood viscosity (+13.2%), furthermore, completely balanced for diameter and flow velocity variations, causing peak wall shear stress to be almost unchanged in women. The finding that peak wall shear stress in women remains constant is apparently in contrast with previous cross-sectional studies demonstrating an inverse correlation between wall shear stress and age. In the study by Samijo et al. (1998) , for example, a significant inverse correlation has been reported both in men and women. However, in that study, restricting the analysis to the older subjects comparable in age with the present population, it can be observed that in women, peak wall shear stress does not decrease. Furthermore, in the study by Samijo, where viscosities were only calculated, blood viscosity increase was steeper in women than in men, and by the age of 55-65 years, no difference between the two sexes persisted, similar to what we measured in the present population. Considering absolute values, both velocity and diameter measurement, and consequently blood flow calculations, are similar to those reported by Samijo et al. (1998) and others in literature, with the exception of a 4% smaller diameters in our population; obviously, the comparisons should be made among similar echo-Doppler equipments and limiting the analysis to comparable age and sex populations.
The reasons and the implications for a different trend in peak wall shear stress due to gender are as yet unknown and need further investigation. The mean wall shear stress decreases in both sexes because the mean blood flow velocity decreases to the same extent (∼18%) in both sexes. The mean blood flow velocity is less influenced by arterial stiffness. The observed decrease in mean wall shear stress is at variance with the hypothesis that it should be maintained at the same level, through modifications of the arterial diameter, in order to ensure blood flow adaptations to oxygen demands of tissues. However, all published studies have shown that shear stress decreases with age. Probably, in acute situations, wall shear stress is kept constant and acts as a regulator of blood flow. With aging, however, the shear stress is reduced, running at a lower level. In turn, this causes a reduced functioning of the vessel predisposing to atherosclerosis. Atherosclerosis may in turn cause deterioration in hemodynamic forces, creating a vicious circle. In addition, the data of the present study demonstrate for the first time that changes in mean shear stress are associated with variations of IMT, after adjustment for changes in traditional cardiovascular risk factors. This could have important implications, allowing monitoring the effect of therapeutic interventions in a clinically meaningful time frame. Arterial diameter, blood flow velocity, and blood viscosity are also strongly interrelated; therefore, it is important to analyze the reciprocal influence of their variations in our population.
Blood viscosity elevation with aging in a longitudinal study is new in the literature and has recently been discussed in another manuscript (Carallo et al. 2011) . Concerning the interaction between viscosity and blood flow velocity, elevated blood viscosity could increase peripheral vascular hindrance, but usually for marked increases (Martini et al. 2005) ; this, in turn, might contribute to reduce blood flow and blood flow velocity. About the relationship between viscosity and arterial diameter, it has been reported that in acute hemoconcentration experiments, the nitric oxide system is activated in order to increase the arterial diameter and finally keep shear stress constant (Martini et al. 2005; Giannattasio et al. 2002) . Despite this, we could notice that viscosity elevation should not be the only cause of the increase of arterial diameter with aging in our population since we have recorded a shear stress decrease with aging.
About the relation between velocity and diameter, it has to be considered that whenever the arterial diameter of a conductance artery increases, blood velocity decreases in the presence of a constant arterial flow capacity. In fact, it can be easily calculated from the blood flow calculation formula that the 71% and 64% decreases of the mean blood velocity in men and women, respectively, are due to arterial enlargement with aging in our population. The rest of the reduction of blood flow velocity in the carotid artery with age might be attributed to an impaired heart function (Homma et al. 2009 ) and/or to an increase in cerebrovascular resistance in the elderly (Robertson et al. 2010) . In fact, we also verified a small reduction of carotid blood flow volume with aging in our population.
In summary, the main large artery aging phenomenon seems to be, in our population, arterial diameter enlargement. It can be hypothesized that this, in turn, might contribute to the development of a hemodynamic profile prone to atherosclerosis.
The large artery diameter increase throughout life is well known and has been widely reported by many authors, though the underlying mechanisms have not been fully clarified. According to the "stress fatigue" theory, the cyclic stress acting over many years on the arterial wall causes a subversion of the elastic component of the arteries, leading to a loss of the retentive capacity of the elastic laminae (O'Rourke 1990; Wolinsky 1972 ). An initial increase in blood flow velocity leading to vessel dilation, in order to restore wall shear stress, followed by overcompensation has also been postulated (Glagov et al. 1987; Steinke et al. 1994) . Overall, the increase in arterial diameter has been also attributed to the effort of the arterial system to maintain storage capacity with increasing age (Reneman et al. 1986; Samijo et al. 1998) . However, in the present study, we have also observed a small reduction in carotid blood flow with aging.
Limitations
This study has some limitations that, in our opinion, do not diminish the importance of the results. The number of subjects studied is small and the population is heterogeneous. However, the subjects, who were free-living, were carefully selected and much attention was paid to the implementation of instrumental tests. During the observation period, some subjects began treatment for the correction of cardiovascular risk factors. Because of the small total number of subjects, it was not possible to perform subgroup analyses. A significant number of subjects of the initial cohort did not participate in the followup. This could have reduced the statistical power of the sample, but, in our opinion, does not affect the validity of the result.
Shear stress has been calculated according to Poiseuille's law and equation. Poiseuille's law applies only to constant laminar flow of a Newtonian fluid in a straight rigid tube of a uniform bore, conditions quite different from those observed in vivo. However, it has been demonstrated that this model provides a useful estimation of wall shear (Stehbens 1979) , and a fully developed parabolic flow profile is still at the basis of most of the recent literature (Moyle et al. 2006) , this despite the fact that velocity profiles could not be properly axisymmetric also in the common carotid, particularly in the deceleration phase, when usually shear stress evaluations are not performed (Ford et al. 2008) . The choice of a parabolic flow model is surely driven by needs of simplification in clinical studies, but probably also because geometric variability of the vessel has a deeper impact on hemodynamic forces (Moyle et al. 2006) , as also for the aging diameter variations in our data. Again, common echo-Doppler instrumentations, used in large clinical studies, are not able to discriminate flow velocity profiles; particularly, in the present study, we had to keep the same setting of the mid-1990s.
With regard to the present study design, it is clear that whenever an instrumental or technical bias has taken place, it should occur also in the follow-up, with at least two exceptions. First, velocity profile shapes (blunting) could be changed in time in the same patient, particularly with the decreased vessel compliance: but this phenomenon, if it happens, can only spuriously elevate centerline peak blood flow velocity and, consequently, shear stress in the second examination, therefore emphasizing the results. Second, it is possible that aging or tortuosity of the vessels developed into the follow-up may have influenced the profiles of flow velocity in the second examination, particularly for peak shear stress measurement. The diameters were certainly increased, but in no case did we observe a tortuous or bent vessel. Therefore, we believe we have minimized the risk of this type of error.
In conclusion, the data of this study show that in a middle-aged population observed for almost 12 years, the mean shear stress decreases significantly in both sexes, while peak shear stress decreases significantly only in men. The change in mean shear stress is associated with changes in the IMT. Arterial stiffness, on the other hand, increases with aging.
